Introduction
============

Microtubules are long hollow polymers composed of α- and β-tubulin heterodimers. As one of the major components of the cytoskeleton present in nearly all eukaryotic cells, microtubules play important roles in many cellular processes, such as intracellular transport, cell motility, and cell division. Microtubules are highly dynamic, and the dynamic property is crucial for microtubules to carry out most of their cellular functions.[@b1],[@b2] Microtubule dynamics also render microtubules having different behaviors in different cell types or different cell cycle phases. In some tissue-specific cells, microtubules are stable and form highly specialized structures, such as cilia and axon. Microtubules are known to undergo post-translational modifications (PTMs), such as acetylation and detyrosination, which play a critical role in the modulation of microtubule dynamics and functions.[@b3]--[@b5]

In addition to PTMs, microtubule-binding proteins (MBPs) are essential for the regulation of microtubule dynamics.[@b6]--[@b8] Defects in MBPs can result in disorganized assembly or deregulated dynamics of microtubules, leading to cell dysfunction and various diseases.[@b9]--[@b13] Microtubule-dependent motors, such as kinesin and dynein, are highly conserved MBPs that generate force and movement on microtubules by adenosine triphosphate hydrolysis.[@b2],[@b14] Microtubule plus end-tracking proteins (+TIPs), such as end-binding protein 1 (EB1) and cytoplasmic linker protein of 170 kDa (CLIP-170), are another group of MBPs that are critically involved in the regulation of microtubule dynamics.[@b15] In addition, a number of enzymes, such as the deubiquitinase cylindromatosis (CYLD), histone deacetylase 6 (HDAC6), and the E3 ubiquitin ligase parkin, can associate with microtubules and regulate microtubule dynamics.[@b16]--[@b22] To better understand microtubule structure and function, we sought to discover novel MBPs by taxol-based microtubule separation followed by mass spectrometry.

Materials and methods
=====================

Materials
---------

Taxol was purchased from Sigma-Aldrich (St Louis, MO, USA), and guanosine-5′-triphosphate from Millipore (Bedford, MA, USA). Antibodies against α-tubulin were obtained from Sigma-Aldrich, EB1 from BD Transduction Laboratories (San José, CA, USA), and CYLD, CLIP-170, and HDAC6 from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Centrosomal protein of 70 kDa (Cep70) antibody was generated as described previously.[@b23] Horseradish peroxidase-conjugated secondary antibodies were obtained from Amersham Biosciences (Chandler, AZ, USA). Microtubule-associated protein (MAP)-free tubulin was obtained from the Cytoskeleton Inc. (Denver, CO, USA).

Cell culture
------------

HeLa cells were obtained from the American Type Cell Collection (Manassas, VA, USA) and grown at 37°C in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum in humidified air with 5% CO~2~.

Isolation of microtubules and mass spectrometry
-----------------------------------------------

Microtubules and MBPs were purified based on taxol-induced microtubule stabilization and cold-induced microtubule depolymerization. Proteins were subjected to standard in-gel tryptic digestion and analyzed by mass spectrometry, as previously described.[@b24]

Western blot analysis
---------------------

Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were blocked with 5% fat-free milk in Tris-buffered saline containing 0.1% Tween 20, and probed with primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies, as previously described.[@b25] The target proteins were visualized with enhanced chemiluminescence detection reagent following the manufacturer's instructions (Pierce Biotechnology, Rockford, IL, USA).

Results
=======

To obtain MBP-containing fractions, we lysed HeLa cells and then separated cytosolic components from membranes and nuclei by centrifugation. Microtubules and MBPs were then purified based on taxol-induced microtubule stabilization and cold-induced microtubule depolymerization (Fig [1a](#fig01){ref-type="fig"}). After two cycles of polymerization and depolymerization followed by ultracentrifugation, we obtained the PIII and SIII fractions, containing microtubules and MBPs, respectively (Fig [1a](#fig01){ref-type="fig"}). Coomassie blue and silver staining showed the high purity of isolated microtubules (Fig [1b](#fig01){ref-type="fig"}). In addition, silver staining revealed that the SIII fraction obtained from a salt wash of microtubule pellets contained a much lower amount of proteins compared with the SII fraction (Fig [1c](#fig01){ref-type="fig"}).

![Isolation of microtubules and microtubule-binding proteins (MBPs) from HeLa cells. (a) Schematic diagram of taxol-based microtubule purification from HeLa cells. (b) Coomassie blue staining of microtubule-associated protein (MAP)-free tubulin and PIII purified from HeLa cells. (c) Silver staining of MAP-free tubulin, PIII, SII, and SIII. GTP, guanosine-5′-triphosphate; S, supernatant; P, pellet.](tca0006-0649-f1){#fig01}

To verify the specificity of the isolated MBPs, we examined several known MBPs in the SII and SIII fractions. In agreement with previous findings that CLIP-170 and EB1 bound tightly to microtubules, Western blot analysis showed that the +TIPs proteins CLIP-170 and EB1 were present in both SII and SIII fractions (Fig [2](#fig02){ref-type="fig"}).[@b15] By contrast, Cep70, CYLD, and HDAC6 were entirely or primarily present in the SII fraction (Fig [2](#fig02){ref-type="fig"}), consistent with their relatively low binding affinity to microtubules.[@b23],[@b26],[@b27] Thus, the MBPs in the SIII fraction of HeLa cells were highly specific.

![Western blot analysis of SII and SIII fractions with antibodies against several known microtubule-binding proteins (MBPs). Note that cytoplasmic linker protein of 170 kDa (CLIP-170) and end-binding protein 1 (EB1) exist in large amounts in both SII and SIII fractions, whereas deubiquitinase cylindromatosis (CYLD), histone deacetylase 6 (HDAC6), and centrosomal protein of 70 kDa (Cep70) are entirely or primarily in the SII fraction.](tca0006-0649-f2){#fig02}

To profile individual MBPs in the SIII fraction, we loaded the acetone-precipitated proteins to the SDS-PAGE gel and concentrated them into a single band. This band was subjected to in-gel digestion and resulting peptides were analyzed by nano-liquid chromatography-mass spectrometry/liquid chromatography-tandem mass spectrometry for protein identification (Fig [3a](#fig03){ref-type="fig"}). A representative total ion chromatogram for the MBP-derived peptide analysis shown in Figure [3b](#fig03){ref-type="fig"} indicates the complexity of protein composition in the SIII fraction. A number of novel MBPs identified in our study are listed in Table [1](#tbl1){ref-type="table"}. Interestingly, these candidate MBPs include several membrane-associated proteins, such as importin 5, clathrin, and vinculin. We also identified a few proteins involved in PTM regulation, such as ubiquitin-like modifier activating enzyme 1 and isoform 1 of protein diaphanous homolog 1. These results support the notion that microtubules have a wide range of functions and may undergo more exquisite regulation than previously recognized.

![Identification of novel microtubule-binding proteins (MBPs) through mass spectrometry analysis. (a) Schematic diagram for the preparation of MBP peptides by acetone precipitation and in-gel digestion. (b) The total ion chromatogram for nano liquid chromatography-mass spectrometry/liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) analysis of MBP peptides. MS, mass spectrum; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.](tca0006-0649-f3){#fig03}

###### 

List of MBPs identified by high-resolution mass spectrometry

  Accession       Description                                                                         M.W. (kDa)   Pi (pH)   Biological process
  --------------- ----------------------------------------------------------------------------------- ------------ --------- ---------------------------------------------
  IPI00792677.1   cDNA FLJ60097 highly similar to tubulin alpha ubiquitous chain                      46           4.78      Microtubule-based process
  IPI00009342.1   Ras GTPase activating like protein IQGAP1                                           189          6.04      Cell signaling
  IPI00021439.1   Actin cytoplasmic 1                                                                 42           5.14      Cytoskeleton organization
  IPI00645452.1   Tubulin beta                                                                        48           4.50      Microtubule-based process
  IPI00179330.6   Ubiquitin 40S ribosomal protein S27a                                                18           10.02     Cell signaling
  IPI00553169.5   Uncharacterized protein                                                             246          5.56      Unknown
  IPI00645078.1   Ubiquitin like modifier activating enzyme 1                                         118          5.37      Protein modification
  IPI00414676.6   HSP 90 beta                                                                         83           4.77      Stress and immune response
  IPI00382470.3   Isoform 2 of HSP 90 alpha                                                           98           4.88      Stress and immune response
  IPI00003865.1   Isoform 1 of heat shock cognate 71 kDa protein                                      71           5.20      Stress response
  IPI00000877.1   Hypoxia up-regulated protein 1                                                      111          4.97      Stress response
  IPI00002966.2   Heat shock 70 kDa protein 4                                                         94           4.91      Stress response
  IPI00291175.7   Isoform 1 of vinculin                                                               117          5.72      Cell junction/cell adhesion
  IPI00793443.2   Isoform 1 of importin 5                                                             124          4.64      Protein transport
  IPI00914026.1   Dynactin subunit 1 isoform 4                                                        127          5.16      Nuclear migration
  IPI00022434.4   Uncharacterized protein                                                             72           6.30      Unknown
  IPI00024067.4   Isoform 1 of clathrin heavy chain 1                                                 191          5.35      Protein transport
  IPI00028275.2   Isoform 1 of cytoskeleton associated protein 5                                      225          7.67      Microtubule-based process
  IPI00037283.3   Isoform 5 of dynamin 1 like protein                                                 79           6.48      Membrane fission, endocytosis
  IPI00643920.3   cDNA FLJ54957 highly similar to Transketolase                                       68           7.47      Unknown
  IPI00020035.4   Protein NipSnap homolog 3B                                                          28           9.57      Unknown
  IPI00100160.3   Isoform 1 of cullin associated NEDD8 dissociated protein 1                          136          5.41      Cell differentiation
  IPI00852685.1   Isoform 1 of protein diaphanous homolog 1                                           141          5.14      Microtubule-based process
  IPI00979442.1   cDNA FLJ46846 fis clone UTERU3004635                                                181          5.71      Unknown
  IPI00880007.2   Microtubule associated protein                                                      245          5.83      Microtubule-based process
  IPI00022058.3   Isoform 1 of ArfGAP with SH3 domain ANK repeat and PH domain containing protein 2   112          6.22      Cilium morphogenesis
  IPI00216694.3   Isoform 3 of plastin                                                                71           5.26      Bone development
  IPI00465128.4   Isoform 1 of large proline rich protein BAG6                                        119          5.28      Cell differentiation and tissue development

ANK, ankylin; BAG6, BCL2-associated athanogene 6; cDNA, complementary DNA; HSP, heat shock protein; MBPs, microtubule-binding proteins.

Discussion
==========

Diverse microtubule-based cellular processes not only rely on microtubules per se but also MBPs. MBPs have also been demonstrated to regulate the binding of microtubule-targeting drugs to microtubules, thereby modulating cancer cell sensitivity to these drugs.[@b21],[@b28]--[@b31] Therefore, the identification of MBPs is of great significance in order to understand microtubule structure and function, as well as the mechanisms underlying cancer chemotherapeutic sensitivity. For example, CYLD is a recently identified MBP that regulates microtubule dynamics and participates in cell migration, cell division, angiogenesis, and ciliogenesis.[@b16],[@b17],[@b19],[@b27],[@b32] CYLD has also been shown to stimulate noscapine activity in acute lymphoblastic leukemia via a microtubule-dependent mechanism.[@b31] In addition, parkin, CLIP-170, and EB1 have been reported to bind microtubules and promote the sensitivity of breast cancer cells to taxol.[@b21],[@b29],[@b30]

MBPs are known to interact with microtubule via specific domains or motifs. For example, the cytoskeleton-associated protein-glycine-rich domain mediates the interaction of CYLD with microtubules, whereas calponin homology domain mediates the interaction of EB1 with microtubules.[@b16],[@b33],[@b34] In this study, using a combination of taxol-based microtubule isolation and mass spectrometry, we have identified a list of proteins that may potentially associate with microtubules. It is important to validate these MBPs through biochemical analysis and immunofluorescence microscopy. In the future, examination of the profiles of these MBPs in different cell types and cell cycle stages and the mechanistic details for how these proteins interact with microtubules is necessary. Investigation of these proteins using their known structural and functional information may provide useful knowledge for the diverse roles of microtubules. In addition, MBPs are known to act in concert to regulate microtubule structure and function.[@b18],[@b35] Therefore, it will be important to analyze whether the novel MBPs coordinate with known MBPs to carry out their functions.

This work was supported by grants from the National Natural Science Foundation of China (31271437, 31401150, and 31371382).

Disclosure
==========

No authors report any conflict of interest.
